
CHAPTER 1

PRELIMINARY BACKGROUND

This chapter presents the fundamentals of electromagnetic theory neces-
sary for reading this book. Many mathematical techniques discussed herein
could be adapted for other kinds of waves. We will, however, illustrate most
of the techniques with electromagnetic waves and fields. The material in this
chapter is also discussed in many textbooks which are given in the reference
list.

The electromagnetic field can sometimes be described by the scalar wave
equation, but in most cases, it can only be described by the vector wave equa-
tion. In many instances, the mathematical techniques explained in this book
can be illustrated more clearly using scalar wave equations. Since acoustic
waves are always described by the scalar wave equation, the derivation of the
acoustic wave equation for inhomogeneous medium is also given in Section
1.2 (on the topic of scalar wave equation).

§1.1 Maxwell's Equations
Maxwell's equations were established by James Clerk Maxwell in 1873.

Prior to that time, the equations existed in incomplete forms as a result of
the work of Faraday, Ampere, Gauss, and Poisson. Later, Maxwell added
a displacement current term to the equations. Also, this was important to
prove that an electromagnetic field could exist as waves. Finally, the wave
nature of Maxwell's equations was verified experimentally by Heinrich Hertz
in 1888. Even though the earth's surface is curved, with the aid of the
ionosphere which reflects radio waves, Guglielmo Marconi was able to send a
radio wave across the Atlantic Ocean in 1901. Since then, the importance of
Maxwell's equations has been demonstrated in optics, microwaves, antennas,
communications, radar, and many sensing applications.

§§1.1.1 Differential Representations
In vector notation and SI units, Maxwell's equations in differential rep-

resentations are

VxE(r, t ) = ~ B ( r , f ) , (1.1.1)

V x H(r,t) = ^D(r,t) + J(r,t), (1.1.2)

V-B(r,t) = 0, (1.1.3)
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V-D(r,i) = 0(r,O, (1-1.4)
where E is the electric field in volts/m, H is the magnetic field in amperes/m,
D is the electric flux in coulombs/m2, B is the magnetic flux in webers/m2,1

J(r, t) is the current density in amperes/m2, and g(r,t) is the charge density
in coulombs/m3.

For a time-varying electromagnetic field, Equations (3) and (4) of the
above Maxwell's equations can be derived from Equations (1) and (2). For
example, taking the divergence of (1) gives rise to (3). Taking the divergence
of (2) and using the continuity equation,

= 0, (1.1.5)

we arrive at (4).

For static problems where d/dt = 0, the electric field and the magnetic
field are decoupled. In this case, Equations (3) and (4) cannot be derived from
Equations (1) and (2). Then, the electric field Equations (1) and (4) are to be
solved independently from the magnetic field Equations (2) and (3). However,
in practice, a current is carried by a conductor. Unless the conductor is a
superconductor, the current would have to be driven by an electric field or
a voltage. Therefore, the magnetic field may never be completely decoupled
from the electric field in statics.

The curl operator Vx is a measure of field rotation. Hence, Equation (1)
indicates that a time-varying magnetic flux generates an electric field with
rotation. Moreover, Equation (2) indicates that a current or a time-varying
electric flux (also known as displacement current) generates a magnetic field
with rotation.

The divergence operator V- is a measure of the total flux exuding from a
point. If there is no source or sink at a point, the divergence of the flux at that
point should be zero. Therefore, Equation (3) says that the divergence of the
magnetic flux is always zero, since a source or a sink of magnetic flux (namely,
magnetic charges) has not been found to date. Furthermore, Equation (4)
states that the divergence of the electric flux at a point is proportional to the
positive charge density present at the point.

Equation (1), which was discovered by Michael Faraday, is also known as
Faraday's Law. Equation (2), without the dD/dt term, or the displacement
current term, is also known as Ampere's Law. The displacement current
term, discovered by Maxwell later, is very important because it couples the
magnetic field to the time-varying electric flux. Moreover, it also allows for
the possible existence of electromagnetic waves which were later shown to be
the same as light waves. Equations (3) and (4) are the consequences of Gauss'
Law, which is a statement of the conservation of flux. More specifically,

1 weber/m2 = 1 Tesla = 104 Gauss. The earth's field is about 0.5 Gauss.


